Abstract--Cyclo(D-Ala-L-Ala) has been found by X-ray diffraction to crystallize in two forms with different hydrogen bond patterns and strengths and different conformations of the C"H"C@H, group. We have done a comprehensive analysis of the Raman and i.r. spectra of both forms and their N-deuterated derivatives. Spectra were taken of oriented single crystals, polycrystalline powders, and aqueous solutions, allowing a virtually complete vibrational assignment. Systematic, distinct differences were observed in the modes of the CONH group and in the CH stretching and bending modes. These spectral differences have been correlated with the different molecular and crystal structures. In particular, the width and sub-band structure of the NH stretch mode and the splittings of the CO stretch are shown to be related to the hydrogen bond pattern, and the NH bend modes are found to be relatively as sensitive to the hydrogen bond strength as is the NH stretch. The differences in the CH" bend modes show that both conformations exist in solution. Ab initio molecular orbital calculations have been done to understand the frequency shifts of the NH and CH" stretch modes in the two forms. Normal mode calculations were also done.
INTRODUCTION
We have previously described a comprehensive analysis of the Raman and i.r. spectra of cyclo(Gly-Gly) and five of its isotopic derivatives [l, 21. In this paper we report on a study of the next simplest cyclic peptide, cycle (D-Ala-L-Ala).
Ala-L-Ala) are in the cis conformation, our results should provide at least a qualitative guide in studying the modes of tram peptides.
Besides further elucidating the modes characteristic of the cis peptide group, cyclo(D-Ala-L-Ala) is especially interesting in its own right. This compound has been found to crystallize in two forms with very different hydrogen bonding configurations ( Fig. 1) . In one, which we will designate as form I following SLETTEN [3] , the molecules form hydrogen-bonded layers [4, 5] , whereas in form II hydrogen-bonded chains similar to those in cyclo(Gly-Gly) are present [3] . In addition, the dimensions of each N-H O=C group (Fig. 1) suggest that the hydrogen bonds in II are stronger than those in I. We will see that the different hydrogen bond patterns and strengths result in systematic differences in the spectra of the two forms, thus shedding light on the sensitivity of various modes to hydrogen bonding. We have recently studied by ab initio molecular orbital methods the changes in the harmonic force constant and i.r. intensity of the peptide NH stretch mode as a function of hydrogen bond geometry [6] . Similar calculations for the other peptide group modes would be much more difficult because these modes are more delocalized. Cyclo(~-Ala-L-Ala) provides a very convenient system where the effects of hydrogen bond geometry on these other modes, as well as on the NH stretch, can be studied experimentally. Though the peptide groups in cycle (D- Furthermore, the methyl side chains are more nearly axial in I than in II; conversely, the CH" bond is more nearly axial in II (Fig. 1) . We find distinct differences between I and II in the frequencies and intensities of the CH" stretching and bending modes and the CH, antisymmetric stretches, suggesting a correlation of these modes with the conformation of the CH"CH, group.
Much less work has been done on cyclo(D-Ala-LAla) than on cyclo(Gly-Gly). BROCKMANN and Musso [7] recorded the i.r. spectrum of form I, and STEIN [S] measured i.r. and Raman spectra, also of I. Only a partial assignment was given by these workers. We will present the results of Raman and i.r. studies of I and II and their N-deuterated derivatives, and of normal mode calculations of the crystals. Our data and calculations have allowed a nearly complete vibrational assignment of cyclo(D-Ala-L-Ala), with tentative assignments only for the methyl torsion mode and for the far i.r. region. Ab initio calculations were also done to understand some of the observations. argon ion laser, and on a Bomem DA3 Fourier transform i.r. spectrometer. The bandpass in the Raman experiments on powders and single crystals was l-2 cm-' with laser powers of about 300 mW at the sample. The i.r. powder spectra were runat 1 cm-' resolution in the 4000-400 cm-' region and at 24 cm-' below 400 cm-'; thespectrometer wasevacuated to less than 2 torr. Powder spectraat liquid nitrogen temperature were obtained using an Air Products LT-3-110 cryostat and homemade cells. 1.r. spectra of powdered samples were run in KBr pellets and, below 3OOem-', as pressed films. For the Raman spectra, the powder was packed into glass capillaries. Solution spectra at room temperature were taken using standard i.r. liquid cells and glass capillaries.
The single-crystal spectra were run with (101) sections of I and with (100) sections of II, these faces being cleavage planes.
Since both forms are monoclinic, the extinction directions in each specimen are along and perpendicular to b. The Cartesian axes and polarization directions used in our work are defined as follows. In I, y is parallel to b and z perpendicular to (101); in II, y is also parallel to band z is along c. That is, in Fig. 1 the x, y, and z axes are oriented in the conventional manner in each structure: x horizontal, y vertical, and z out of the plane of the figure.
NORMAL MODE CALCULATIONS
The crystal structures of E. SLETTEN [5] and J. SLETTEN [3] were used. E. SLE-ITEN'S X-ray determination of I seems more reliable than the study by BENEDETTI et al. [4] . As Hie did for cyclo(Gly-Gly), we modified the NH and CH bonds given by J. SLEI-TEN for II to l.OOA and 1.09 A, respectively; we used similarly modified hydrogen atom positions given for I by E. SLETTEN.
The normal mode calculations were done in a Cartesian coordinate basis, and factoring of the secular equation for the crystals was based on KOBAYASHI'S [9] method. Both crystal forms are monoclinic with two molecules per unit cell. In both forms the factor group is isomorphic to C,, and four symmetry blocks result: A,, BP, A,, and B,, each of dimension 30 x 30 corresponding to the asymmetric unit (CONHCHCH,).
The internal and local symmetry coordinates for the peptide group and alanyl residue are as given in [2] and [lo], respectively. The intramolecular force field is a combination of the cyclo(Gly-Gly) set and the alkane field of [ 111. The cyclo(Gly-Gly) force constants (Set II in [2]), which were refined in a non-redundant basis, were transformed into the local symmetry basis. The parameters relating to the pepfide group were then transferred to cyclo(D-Ala-L-Ala). To this set were added force constants from [ll] for the CHCH, group, except that the C"C@ torsion force constant was taken from /?-poly(Lalanine) [lo] because of the different definition of the torsional coordinate used in
Clll*
While we eventually intend to refine a force field for cyclo(D-Ala-L-Ala), our present calculations were done mainly to help in assigning the spectra. We have therefore not tried to adjust the force constants to get better agreement with observed frequencies, except for the CH, stretch modes, which could be easily improved by modifying the diagonal CH force constant to 4.800 mdyne/A (from 4.699) and the CH, CH interaction term to 0.050 mdyne/A (from 0.043).
Intermolecular force constants were computed from the 6-12 atom-atom potential of MOMANY et al. [12] with a cut-off radius of 5 A and without linear terms in the Cartesian derivatives [9] . We assumed values of 0.12 and 0.15 mdyne/A for the hydrogen bond H... 0 interaction in I and II, respectively; the value for II is the same as for cyclo(Gly-Gly). On addition of the intermolecular terms, the deformation modes in-volving the H" and CH3 groups shift considerably and generally become in worse agreement with the data. Because the alkane force field was refined without taking into account non-bonded interactions, and since the peptide group modes shift less, we will report only the intramolecular frequencies calculated without the atom-atom terms. The lattice modes given are calculated with the complete intramolecular and intermolecular force field.
SPECTRAL ASSIGNMENTS
Our Raman and i.r. room temp. spectra of cycle (D-Ala-L-Ala) are shown in Figs 2-14. By comparison with spectra of less pure samples, bands due to impurities were identified in the N-deuterated mate- .-I   I  I   a   I  I  I  I  ,  ,   I I , 400 800 1200 1600 2800 3200 CM-'
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Raman spectra of form I powder and single crystal.
rials. Table 1 lists the observed frequencies and their assignments. Table 2 gives the calculated frequencies of  an isolated type II molecule (of Ci symmetry), and  Table 3 shows the calculated lattice frequencies for the two crystal structures. For brevity, we list the calculated intramolecular modes for II and II-ND only; major differences in the results for I will be noted in the discussion. Figure 15 shows lattice modes (34 + 38,) and 3 i.r.-active translatory lattice modes (24 + lB,) . Where factor group splittings are observed, we have given the symmetry species for each component: bands of A, symmetry appear in the xx, yy, zz, and xz spectra, whereas I?, bands appear in the xy and yz spectra; A, bands are polarized parallel to y and B, perpendicular. Though the ring atoms are very nearly co-planar [3-51, we have not tried to systematically classify the observed bands into in-plane and out-of-plane species because of the considerable inclination of the molecules to the x-y plane, which we estimate to be _ 20" in I and _ 25" in II. In the rest of this section, we will discuss our spectral assignments. After having established the assignments, we can then discuss in more detail in the following sections the spectral differences between the two forms. In general, the peptide group and ring modes were quite easily identified by comparison with cyclo(Gly-Gly) and by N-deuteration, and many of the side-chain modes were assigned by referring to analyses of L-alanine by other workers [13-153. For reference, we note that the NH . . OC dimensions in cyclo(Gly-Gly) are very close to those in II (Fig. l) :R(N . . . 0) = 2.853 A, B(HN0) = 7.5", 0(CON) = 121.8" [16] . Region above 2000 cm-'. The NH stretch (str) and four CH str modes (per symmetry species) are found in this region. As in cyclo(Gly-Gly), the NH str band is relatively stronger in the i.r. than in the Raman, whereas the CH stretches are much more prominent in the Raman. These bands show distinct differences in I and II.
The NH str is easily assigned by N-deuteration. In I it forms a complex band with a main peak at 3247 cm-' in the i.r. and 3239 cm-' in the Raman. In main Raman peak is of A, symmetry, the 3258 cm-' band is B,, giving a factor group splitting of 19 cm-* if its bandwidth and position, it is similar to the NH str we consider only these two peaks. Both shift down at band in a-and /I-poly(L-alanine) [17] . A shoulder at low temperature (LT), by 8 and 5 cm-', respectively; 3258 cm-' on the Raman peak becomes more distinct however, a weak A, band at 3193 cm-' shifts up on at liquid nitrogen temperature, and is fully resolved in cooling, to 3197 cm-'. The main i.r. peak also shifts the xy room temperature spectrum. Thus, whereas the down at LT by 11 cm-' and sharpens appreciably, revealing a shoulder at 3222 cm-'. Several other subbands are observed in both i.r. and Raman even at room temperature. In the i.r. these are at 3178, 3142, 3109, and 3058 err-', suggesting a progression with a spacing of about 40 cm-'. The NH str band in II looks even more complex than in I and resembles closely that in cyclo(Gly-Gly). In the i.r., main sub-bands are found at 3192 and 3048 cm-' (other sub-bands below 3OOOcm-' are weaker and difficult to distinguish from the CH stretches), and in the Raman broad, weak peaks are seen at 3164, 3107, and 3056 cm-'. By comparison, in cyclo(Gly-Gly) we observed sub-bands at 3192, 3165, and 3046 cm-' in the i.r. and at 3160,3106, and 3035 cm-' in the Raman. Also as in cyclo(Gly-Gly), at LT the i.r. bands sharpen appreciably, revealing more fine structure, and both the 3192and 3048 cm-'peaksshiftdown by lOcm-'.The Raman peaks are all strong in the yy spectrum; in addition, this spectrum shows a broad feature near 2914cm-', among the CH str bands, that can be ascribed as part of the NH str complex in view of its similar polarization behavior and its absence in II-ND. Unlike in I and similar to cyclo(Gly-Gly), the B, spectra show peaks in essentially the same positions as in the A, spectra and with the same relative intensities. The strength of the NH str complex in the xx spectrum in I and in the yy spectrum in II is readily correlated with the direction of the NH bond in the two forms.
The ND str band is significantly narrower than the NH str, though again there is some fine structure. However, the difference in complexity between I and II is much less evident than for the NH str. In the i.r. in I, the main peak at 2411 cm-' shifts to 2398 cm-' at LT, while a shoulder at 2398 cm-' becomes resolved at 2385 cm-'. In II the main sub-band at 2298 cm-' is resolved at LT into two peaks at 2287 and 2279 cm-', while the weaker sub-bands at 2344 and 2329 cn-1 move up to 2347 and 2331 cm-'. Thus, we again see a tendency, on cooling, for the main peak to shift down by about lOcm_' and for additional sub-bands to become resolved. The main Raman sub-bands are at 2402 cm-' (I) and 2294 cm-' (II), similar to the i.r. The single-crystal spectra of II-ND show the same sub-bands in both A, and B, polarixations. The positions of the dominant sub-band imply a shift in the ND str frequency of about 100 cm-' from I to II. A value for the shift of the NH str mode is obviously more difficult to arrive at in view of the complexity in II, but an estimate of N J2 x 100 = 140 cm-' may be made, which would place the NH str frequency in II at about 3100 cm-'.
To summarize, the NH str band is characterized by much fine structure. The band in I, which is similar to the NH str in poly(L-alanine) and other polypeptides, is much narrower than in II, where the band resembles that in cyclo(Gly-Gly) even in the sub-band positions. Going to low temperature causes marked sharpening and downward shifts of about 10 cm-', but some subbands shift up in frequency. An ApBg splitting of about 19 cm-' is seen in I but none is seen in II. There also seems to be no coincidence of the Raman and i.r. sub-band positions in either crystal form. From the narrower ND str bands, the frequency in I is found to be about 100 cm-' higher than in II. These spectral 
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differences are undoubtedly related to the different hydrogen bond patterns and strengths in the two forms.
In the CH str region five bands are found instead of the four expected. In I the Raman bands are at 2998, 2984, 2939, 2914, and 2877cn-'.
The 2939 and 2877 cm-' peaks have the same polarization behaviour and are evidently involved in a Fermi resonance. By comparison with the well-characterized CH str region of L-alanine [ 13-151, we therefore assign the 2998 and 2984 cn-' peaks to the CH, antisymmetric stretches (as), the fundamental near 2939 cm-' to CH, symmetric stretch (ss), and the 2914 cm-' band to CH" str. The corresponding frequencies in crystalline Lalanine are 3001, 2987, 2933, and 2968 cm-', respectively [13, 141; the 2933 cm-' peak is also part of a Fermi doublet, the other component being at 2877 cm-'. The large difference in the CH" str frequency in L-alanine and I may be somewhat less surprising when it is noted that in II its position is even lower, at 2893 cm-'. Our assignment of this mode in cyclo(D-Ala-L-Ala) is supported by the single-crystal spectra: in I it is strong in yy polarization and weak in xx, whereas in II it is strong in zz and weak in yy, and furthermore the i.r. band in II has strong polarization along z; these observations are consistent with the direction of the CH" bond in the two forms. Another prominent difference between I and II is that the CH, as at 2998 cm -r in I moves up to 3011 cm-' in II.
There are also some intensity changes: in both Raman and i.r. the CH" str is relatively stronger in I, and the two CH, as modes have more nearly equal Raman intensity in I but more nearly equal i.r. intensity in II (the i.r. CH stretches are best compared in the ND materials). In aqueous solution the CH" str and higher frequency CH, as Raman bands become diffuse, with frequencies closer to those of form II. Because the other bands are also shifted, we cannot conclude from the CH str region that the form II conformation predominates in solution. As we will see, however, the H" bend modes do allow such a determination.
17W1200 cm-' region. Eight modes are found in this region: three peptide group vibrations (CO str, CN str, and NH in-plane bend), three CH, bends, and the two orthogonal H" bend modes.
The CO str, observed in the 16OOcm-' region, shows an A-B splitting in all spectra of the crystalline samples; in solution a singlet is seen. (An additional weak peak is seen near 1580 cm-' in the Raman and i.r. spectra of I-NH. The Raman single-crystal spectra show this band to be in Fermi resonance with the A, CO str. Because of its weakness, we will neglect its effect.) The splittings (A-B and g-u), positions, and relative intensities are distinctly different in the various spectra. For instance, looking at the Raman spectra, we see in I a larger A,B, splitting (48 cm-' versus 20 cm-') and a higher relative intensity than in II, where the band is similar to that in cyclo(Gly-Gly). The single-crystal spectra show the B (B, or B,) component to be higher in frequency than the A (Ag or A,). This result is conclusive for the Raman components and for the i.r. components of II, but is less so for the i.r. doublet of I because of strong absorption. The large (factor of about 9) difference in integrated intensity of the i.r. components in I suggests that an ab initio calculation of the transition moment direction would be useful. A calculation with the STO-3G basis of the dipole moment derivative for the CO str mode in cyclo(Gly-Gly) gives a transition moment oriented at about 16" from the CO bond towards the N + C direction. This orientation would yield a ratio of the A, to B, intensities in I of about 4, which would confirm our assignment.
The CN str mode is readily assigned to strong bands near 1520 cm-' (Raman) and near 1470 cm-' (i.r.) in view of its nearly identical positions in cyclo(Gly-Gly).
As we have noted [l] , this mode can be described as mainly an out-of-phase C"CN str ( Fig. 15) , with much less NH in-plane bend contribution than in the truns amide II mode; hence its relatively higher Raman intensity and smaller shift on N-deuteration compared to the amide II. The band positions in I and II are nearly the same, indicating little sensitivity to the hydrogen bond structure, and the persistence of the large g-u splitting in solution suggests an intramolecular rather than intermolecular origin. N-deuteration allows location of the NH in-plane bend (ib) at 1395 cm-' (I) and 1428 cm-' (II) in the Raman and at 1435 cm-' (I) and 1488 cm-' (II) in the i.r. The large shifts between I and II show a strong sensitivity to the hydrogen bond. The positions in II are close to those in cyclo(Gly-Gly), particularly in the C-deuterated derivative of the latter, where the absence of coupling with CH, bend in the Raman leaves the NH ib at 1437 cm-'. We note that the i.r. band in II is resolved from the CN str even at room temperature, unlike in cyclo(Gly-Gly), where its overlap with CN str hindered definitive assignment of the NH ib mode until our work [l] . Despite being near to the CH, bend modes, there does not seem to be significant coupling: the Raman CH, bends hardly shift on N-deuteration. The ND ib does interact strongly with NC" strand H" bend, according to our calculations.
The two CH, antisymmetric bends (ab), at around 1450 cm-', are more clearly seen in the Raman spectra; the i.r. bands are not resolved from each other except in H-ND. In the Raman the higher frequency CH, ab in II is stronger than the lower frequency CH, ab but is nearly equally intense in I, a trend that is also shown by the two CH, as Raman modes.
Like the CH, ah's, the CH, symmetric bend (sb) has essentially the same frequency in I as in II, at about 1370 cm-'. It is weak and sharp in all spectra. The calculations show all three CH, bend modes to be highly localized.
The assignment of the bands in the 130&l 340 cm-' region to the two H" bend (b) modes is based on the normal mode calculations and on comparison with Lalanine [13-151. Figure 15 shows these modes to be relatively localized, with the higher frequency mode involving motion of the H" atom mainly in the H"C"C@ plane. The H" b modes show marked differences between I and II Looking first at the Raman data, we see in I a very strong 1326 cm-' band and a much weaker 1304 cm-' peak, whereas in II the intensities are nearly equal and the separation of the two bands, at 13 13 and 1300 cm-i, has decreased considerably. In the i.r. spectra a similar decrease of the separation, from 33 cm-' to 9 cm-', occurs but the higher frequency band remains much more intense than the other. On Ndeuteration, coupling of the i.r. H" b vibrations with ND ib near 1230cm-' is indicated by the upward shifts in the H" b bands, which reduces the H" b separation in I-ND to the point of overlap and increases it in II-ND. This interaction with ND ib is qualitatively reflected by the calculations; note, however, that no significant coupling with NH ib is indicated, in distinction to the rrans amide, where such coupling is widespread. The Raman spectrum in HZ0 solution shows three peaks in the H" b region. These can be explained by the presence of both form I-and II-type molecules: the 1325 cm-' peak is due to 1, the 1311cm-1peaktoII,andthe1300cm~1peaktoboth I and II. Molecules with form II conformation predominate, as shown by the relative intensities of the I3 11 and 1325 cm -' peaks. The i.r. solution spectrum may be similarly interpreted: the 1324, 1312, and 1294 cm-' bands are attributed to I + II, II, and I, respectively. Similar statements may be made about the D,O solution spectra. Thus, the differences in the H" b frequencies in I and II occur in solution also and are therefore of intramolecular origin. In particular, they are not due to coupling with an NH ib vibration that occurs at different frequencies in I and II. Further indication of a structural dependence of the H" b II-ND. In the Raman the higher frequency CH, ab in II is stronger than the lower frequency CH, ab but is 1200-900 cm-' region. Four modes occur in this region: NC" str, C"Cp str, and two CH3 rock vibrations. Since four well-separated bands are observed, the assignment is straightforward, especially because the calculated frequencies agree well with those observed. The NC" str is seen from the calculations to be strongly mixed with H" b. N-deuteration shifts all four modes to lower frequencies, the magnitudes being smallest for the CY? str (-20 cm-') and largest for the Raman NC" str (-100 cm-'); the CH, rock shifts range up to 60 cm-'. These shifts, which are quite well reproduced by the calculations, arise from new mixings involving ND ib. The main structure-sensitive feature in this region is the change in the Raman and i.r. intensities of the CH, rock bands when the higher frequency mode moves up by about 10 cm-' from I to II. The largest difference in frequency between I and II in this region is the 20cm-' upward shift of the i.r. CH, rock at 998 cm-' in I-ND;asa result the twoi.r. peaksat 1017 and 994cm-' in D,O solution can be attributed to types II and I molecules, respectively, further evidence that the molecules exist in solution in two discrete conformations.
90&500 cm-' region. From our cyclo(Gly-Gly) results, we expect in this region three peptide group vibrations-NH out-of-plane bend, CO out-of-plane bend, and the Raman-active CO in-plane bend-and a ring stretch mode and an i.r.-active ring deformation (def) mode, making a total of four bands in each spectrum. The observed bands are sufficiently similar to those in cyclo (Gly-Gly) to be readily assigned, except for the CO out-of-plane bend (ob). In cyclo(Gly-Gly) the CO ob is a weak band around 560 cm-' in both i.r. and Raman spectra. We assign this mode in I and II to bands near 690 cm-' (ir.) and 670 cm-' (Raman), the much higher frequencies and intensities being due to coupling with ring and sidechain deformations.
These couplings, which are negligible in the more nearly planar cyclo(Gly-Gly) structure, are confirmed by the calculations.
(The poor frequency agreement, with the Raman CO ob lower than CO ib, contrary to our assignment, is no doubt due to the absence of force constants for these interactions.) Furthermore, on N-deuteration the CO ob bands shift up whereas the other bands in this region decrease in frequency, and the i.r. band in II-ND becomes more intense and shows stronger z polarization.
Similar changes were noted for cyclo(Gly-Gly) and are due to interaction of CO ob with ND ob. The small difference in frequency between I and II shows this mode to be not especially sensitive -3100  3078  3010  2994  2985  2989  2938  2916  2896  2903  1674  1671  1488  1514  1443  1470  1443  1468  1470  1428  1370  1369  1318  1311  1309  1300  1130  1155  1106  1111  1066  1047  451  962  839  854  853  829  778  775  692  626  453  433  395  358  267  272  -226  239  -260  149  153  82   3010  2994  2985  2989  2941  2916  2893  2903  -2300  2262  1618  1590  1490  1525  1458  1470  1443 1460 (14), ND ob(12). c"C str(l1) ND ob (35) , C4 bZ(l1) CO ob(lY), CN str(l6), CO ib(12), ND ob(l2) samples. Where A-B splittings are observed, average to the hydrogen bond structure, perhaps because of its highly mixed character. The NH ob mode, easily identified by Ndeuteration, appears in II at nearly the same positions as in cyclo(Gly-Gly), 853 cm-i (i.r.) and 826 cm-' (Raman). In I this mode is at 808 cm-' (ir.) and 804cm-' (Raman); thus, the fractional shift of this mode from I to II is comparable to that of the NH str. The Raman ND ob mode IS much more intense than the NH ob because of coupling with CO ob, as we saw also in cyclo(Gly-Gly).
The remaining two i.r. bands in this region, near 839 and 780 cm-' ,are easily assigned to the ring str and def vibrations. The calculations show these modes to be highly mixed. The c"C (or ring) str mode in the Raman is near 760 cm-t, its much weaker intensity compared to that in cyclo(Gly-Gly) being due to coupling with CO ob and other coordinates. Finally, the Raman CO ib is placed at 612cm-' in 1 and at 616cm-' in II, essentially the same position as in cyclo(Gly-Gly).
Intramolecular modes below 500 cm-'. Six internal modes are expected in each spectrum below 500 cm-i: two C@ bends and C'Y? torsion; in addition, two ring deformations and one ring torsion in the Raman, and CO in-plane bend and two ring torsions in the i.r. The Raman modes are well separated from the lattice modes and are easily assigned, except for the C"CB torsion (tor) which is not observed. In the i.r. the location of one of the ring tor modes among the lattice modes makes our assignment of this ring tor vibration as well as of the translatory lattice modes tentative at present. The Raman-active ring def modes are seen at nearly the same frequencies as in cyclo(Gly-Gly), around 470 cm-', and also with an observable splitting of the higher frequency mode.
The i.r. band in the 400 cm-' region is clearly the CO ib mode in view of its similar position in cyclo(GlyGly). Its frequency in II is 20 cm -' higher than in I, a fractional shift of 4.6%. Thus, the i.r.-active CO ib seems much more sensitive to the hydrogen bond structure than does its Raman counterpart.
The two measured C? b frequencies near 400 and 3OOcm-' agree well with the calculated values. The lower frequency CB b shows an i.r. splitting that is clearly seen in the powder spectrum of I, but which in II requires polarized spectra to be resolved. The C@ b modes are distinguished from the other low frequency i.r. and Raman bands by their insensitivity to cooling.
The remaining internal modes in this region are the torsions. The weak, broad Raman band near 250 cm-' corresponds to the ring tor in cyclo(Gly-Gly). The CY?' tor is also expected in the 200 cm-' region, but no other peak is observed. The data on L-alanine are not a useful guide here because of disagreements in the assignments [ 14, 15-J. In the i.r. this mode is expected to be very weak, and we tentatively assign it to a weak band at 226cm-' that is seen only in the lowtemperature spectra of I and II. The Raman mode may very likely be overlapped with the ring tor at 250 cm-'. Thus, except for the CY? tor, all Raman-active internal modes are satisfactorily assigned.
One of the i.r. ring tor modes is also expected in the 200-3OOcm-' range and is assigned to the broad 258 cm-' band in I, which sharpens considerably and shifts up by 5 cm-' on cooling In II no corresponding peak is apparent. It is possible that the lOcm_' downward shift of the Cfl b mode in II has resulted in an overlap with the ring tor. The reason for the appreciable i.r. intensity of the ring tor mode, at least in I, compared to that in cyclo(Gly-Gly) is not obvious and may be checked by an ab initio calculation; we recall that in the latter compound we placed this mode at 285cm-' on the basis of neutron scattering data [ 181 because no i.r. peak was seen. The lower frequency i.r. ring tor may be mixed with the lattice vibrations. We will therefore merely mention that weassign it to bands at 130cm-' (I) and 153 cm-' (II), and defer further discussion until we consider the translatory lattice modes.
Lattice modes. The six rotatory lattice vibrations are readily classified into A, or E, species using the singlecrystal spectra. They are very different in frequency and relative intensity in I and II, and also in cyclo(Gly-Gly), as would be expected. They all sharpen at low temperature and shift by up to 3 cm-' in I and upto7cxK'inII.
The i.r. translatory lattice modes are not as conclusively assigned. Because one of the ring tor modes falls in the same region, we expect to find four bands. The 130 cm-' band in I shows significant intensity in the single-crystal spectra both parallel and perpendicular to y and is therefore most likely an internal mode. The 153 cm-1 peak in II is then assigned as the corresponding ring tor in the other crystal form; the large shift may be caused by coupling with lattice vibrations, an interaction that is indicated by our calculations. Of the remaining bands, the 80 cm-' (I) and 86 cm-' (II) peaks show clear perpendicular dichroism and can be assigned to the B, lattice mode. The 62 cm-' (I) and 56 cm -1 (II) peaks are apparently polarized parallel to y and are accordingly one of the A, lattice vibrations. Weakbandsseennear119cm-'inIandlOOcm_'in II are then the other A, lattice mode. What makes our assignment of the A, modes quite tentative at present is that the polarizations of the 119, 100 and 56cm-' peaks are not definitive because of their weakness. Also, at low temperature the 62cm-' peak in the powder spectrum of I is a doublet; whether the other band is due to a form II impurity is not yet certain.
Our calculated lattice-mode frequencies (Table 3 ) using MOMANY et d's [12] atom-atom potential agree well with the A, and B, observed values, as was found also for cyclo(Gly-Gly). The relatively, wellassigned B, lattice mode is also well reproduced, and the poorer agreement of the higher frequency A, mode may be because of coupling with the ring torsions. The good performance of this potential further supports our conclusion [2] that this set of parameters is very satisfactory for peptide crystals. We also note that, using the crystal-packing program MCA [19] , we have minimized the energy of forms I and II using these potential parameters by allowing rigid body rotations and translations. We find that form I is slightly more stable than II, with crystal energy of -9.924 kcal/mole versus -9.452 kcal/mole. Figures 16 and 17 show the calculated atomic displacements for the lattice modes. For the z librations, about the normal to the ring, the calculated splitting between the in-phase (A,) and out-of-phase (B,) modes in both I and II is too small, with the A, frequency too high. The A, mode is expected to be more anharmonic than the B, because the diagonal cubic term of the potential energy in the normal coordinates vanishes for all except the totally symmetric species. This term would cause a lowering of the A, frequency. We have found a similar increase in splitting due to a difference in diagonal cubic anharmonicity between the symmetric and antisymmetric C=O str modes in the formic acid dimer [20] . Finally we note that the calculated frequencies are not especially sensitive to the H . 0 force constant. When we set this force constant to zero, the largest shift is for the B, mode in I, which decreases by only 14 cm-', while the other modes shift by less than lOcm-i.
Thus, unfortunately, our data cannot be used to determine a more reliable value for the H . 0 interaction. We conclude our discussion of the spectral assignments with some general remarks. Except for the CO ob mode, the peptide group frequencies, particularly in II, agree well with those found in cyclo(Gly-Gly), with differences that can be related to structural differences. We have not made detailed comparisons of calculated and observed frequencies because we have not refined the force constants transferred from cyclo(Gly-Gly) and alkanes. Nevertheless, Table 2 shows that the agreement is fairly good for most of the modes. The major discrepancies are for the Raman CO str, the i.r. CN str, and the CO ob and ring tor modes. The CO ob requires new interactions that were not important in cyclo(Gly-Gly), and the torsional force constants for cyclo (Gly-Gly) were less reliably determined because of the sensitivity of the ring tor modes to the intermolecular potential. We should mention that, within the framework of the present unrefined force field, the alkane force constants proved to be more satisfactory, especially in the 90&1400 cm-' region, than the poly (t_-alanine) force fields [21, 22] for the C"H" (C?H,) group. In conclusion, the present set of force constants is a good starting point for refinement of a force field for cyclo( D-Ala-L-Ala).
EFFECT OF HYDROGEN BOND STRUCTURE ON PEPTIDE GROUP MODES
We have seen above that there are differences in the bands due to the CONH group in I and II. In trying to understand these differences, we first note that since both CO and NH groups participate in hydrogen bonds, these modes are likely to be sensitive to the hydrogen bond strength, and that there will be strong intermolecular interactions between peptide groups hydrogen bonded to each other. We next note that the essential structural differences in I and II are in the hydrogen bond pattern and in the strength of each hydrogen bond. That is, in I the crystal packing is such that each CONH group hydrogen bonds to other groups related to it by a two-fold screw operation, whereas in II the hydrogen bonds are formed between CONH groups related by the inversion operation. We therefore expect that the factor group splittings of the peptide group modes will tend to be such that in I a large A-B splitting will be seen whereas in II a large g-u splitting will be observed. As we have noted earlier, the dimensions (Fig. 1) of each NH OC group in I and II indicate that the hydrogen bond in II is stronger than in 1. That is, the shorter N 0 distance, the longer C=O bond, the more nearly linear NH 0 angle, and a CO t . N angle closer to 120" all are indicative of a stronger interaction as measured, in particular, by frequency shifts [6] . This difference in hydrogen bond strength would be reflected in a shift between I and II in the average frequency, over factor group components, of each peptide group mode. We now discuss to what extent these considerations are borne out for each of the modes of the CONH group. Except in one instance, we will not attempt here quantitative explanations of the observations.
The mode showing the most striking differences between I and II is the NH str. Of these differences, the roughly 100 cm-' downward shift of the ND str band (and an estimated 140 cm-1 decrease in the NH str frequency) from I to II is most readily explained as being due to a stronger hydrogen bond in II. By taking a model system of N-methylacetamide hydrogen bonded to a formamide molecule, with N 0 distance and HNO and CON angles as in 1 and II, respectively, we can use the method described previously [6] to compute the harmonic force constant of the NH str mode. The frequency shift from I to II given by the scaled STO-3G force constants is 89 cm ' for the NH str mode and 65 cm-' for the ND str. Thus, the observed difference in frequency is qualitatively corroborated by ab initio calculations on a model system. Looking at the hydrogen bond dimensions in I and II, we see that while the N . . 0 distance in I is only 0.007 A longer than in II, which by itself would lead to a calculated shift of less than 2 cm ' [6], the HNO and CON angles in I are significantly less favorable. That such differences in the angles can result in a frequency shift of over 100 cm 1 in the NH str mode shows the importance of considering the HNO and CON angles as well as the N 0 distance in estimating the strength of a hydrogen bond. This strong dependence of the NH str frequency on the angles also implies that one should not expect to find a correlation of NH str frequency with the N 0 distance. As we have suggested [6] , that such a correlation does seem to be observed [23] may be the result of an approximate correlation of NH0 angles with N . 0 distance [24, 25] . A similar explanation probably apphes to other types of hydrogen bonds.
We next consider the differences in the fine structure and width of the NH str mode. An understanding of these differences may be gained by looking at oxalic acid, another molecule that crystallizes in two forms: c(-oxalic acid with chains formed by OH . . . 0 hydrogen bonds between molecules related by two-fold screw symmetry, and /?-oxalic acid with centrosymmetric hydrogen bonded rings [26, 27] ; the dimensions indicate a stronger hydrogen bond in B. The i.r. spectra of the OH str mode in a and /I [28] resemble closely the NH str bands in 1 and II respectively. WITKOWSKI and W~JCIK [29] have managed to reproduce remarkably well the width and fine structure in both a and /I, as well as the marked narrowing on deuteration, using a quantitative theory of hydrogen bond spectra [30] . In this theory, for an isolated X-H . . . Y hydrogen bond, anharmonic coupling of the XH str mode with the low frequency X . . . Y str mode results in a Franck-Condon progression due to simultaneous excitations of the high and low frequency modes; the spacing between adjacent transitions is determined by the low frequency mode. In crystals, resonant interaction, for example dipol&ipole coupling, between nearby XH groups causes factor group splittings which further spread out the XH str band and destroy the regularity of the sub-band positions. Further complications are caused by Fermi resonance with overtones and combinations [3 11 . The difference in complexity in the two forms of oxalic acid arises if one assumes in /I a stronger anharmonic coupling because of the stronger hydrogen bond and a stronger resonant interaction because of the closeness of the OH groups in a cyclic ring.
We may expect that a similar explanation applies to cyclo(DAla-L-Ala). We have already discussed the stronger hydrogen bond in II, which would lead to a stronger anharmonic coupling with low frequency modes. A theoretical basis for this coupling has been provided by our recent ab initiu study [6] , which shows large changes in the NH str force constant as the N... 0 distance and HNO and CON angles are varied. Lattice modes that involve displacements of these intermolecular coordinates would therefore be expected to be strongly coupled to the NH str mode. It is tempting to infer from the approximate 40 cm-' spacing of the i.r. sub-band positions in I the frequency of the lattice mode involved. However, we must also consider the A-B splitting, measured to be about 19 cm-' in the Raman, and the possibility of coupling with more than one lattice mode.
In polypeptides and polyamides with trans peptide units, the narrower and apparently singlet nature of the NH str band may be attributed to the weaker hydrogen bonds, as evidenced by the frequency of about 3250-3300 cm-', and the smaller resonant interactions between peptide groups that are farther apart than is possible in cis peptides. Nevertheless, the possibility remains that there is unresolved fine structure in the NH str band of polypeptides [17] . We may also conclude that in cis peptides and in amides, a broad, complex NH str band is indicative of a cyclic hydrogen bonded structure.
We conclude our discussion of the NH str mode by mentioning the usefulness of cyclo(DAla-L-Ala) and cyclo(Gly-Gly) as models for testing the WITKOWSKI-MAR~CHAL theory in the case of peptide structures. In I and II we see the effects of different resonant interactions and different hydrogen bond strengths; and in II and cyclo(Gly-Gly) the hydrogen bond geometries are very similar but the low frequency modes are different. In all three structures, our large amount of data and the relatively high symmetry should facilitate analysis, particularly of possible Fermi resonance interactions. And finally, quantitative estimates of the anharmonic coupling parameters may be derived from our study of the variation of the NH str force constant with hydrogen bond geometry [6] .
We turn now to the other peptide group modes, all of which show considerably smaller differences between I and II than does the NH str. Table 4 summarizes our results on these modes; where A-B splittings are observed the average frequencies are given, with the splitting in parentheses. Also shown for some modes are the averages over the Raman and i.r. frequencies and the g-u splitting.
Looking at the NH ib mode, we see in I a sizable (40 cm-') g-u splitting. Much of this is probably a result of intramolecular coupling between the peptide units in each molecule and reflects the relatively delocalized nature of the NH ib mode. Indeed, in II the larger g-u splitting may be ascribed to the additional intermolecular interaction between peptide units in the hydrogen bonded ring. The shift of the mean g-u frequency from 1415 cm-' in I to 1458 cm-' in II is a measure of the increase in strength of the hydrogen bond; the change represents a 3 % increase, compared with the approximately 4.3 y0 decrease of the NH str frequency from I to II. The ND ib mode is a highly mixed mode and is not expected to show clear trends indicative of the hydrogen bonding.
The well-localized NH ob mode shows clearly the effects of structural differences. The Raman mode in I has a 21 cm-' A-B splitting whereas that in II has none. The i.r. mode in I may have a splitting of about 16 cm-' if we assign a sharp, distinct band resolved in the low temperature spectrum to the other factor group component. The g-u splitting of 4cm-i in I increases to 27 cm-' in II, where the mean g-u frequency shifts up by 4.5 %. Thus, the NH ob is relatively as sensitive to hydrogen bond strength as the NH str, a point emphasized by BANDEKAR and ZUNDEL [32] on the basis of temperature studies of uracil.
Next to the NH str, the CO str mode shows the most interesting differences between I and II. To help understand the changes in this mode, we have to note that it has a large contribution from NH ib. This intramolecular interaction is evidenced by the 19 cm-' shift from Hz0 to DzO solution. Furthermore, in the solid materials, the Raman intensity increases in the ND compounds where the mode is more purely CO str, and on deuteration the mean g-u frequency decreases by 19 cm-i in I and by 30 cm-' in II; the larger magnitudes .of these intensity and frequency (25) 1654 (21) 1640(6) 1636 ( changes in 11 are because of the higher amount of NH ib contribution as a result of the higher NH ib frequency, which in turn arises from the stronger hydrogen bond in II. With this NH ib mixing in mind, then, we observe that in the NH crystals the mean g-u frequency shifts up by 7 cm-' from 1 to II, whereas it shifts down by 4 cm -' in the ND compounds.
The explanation is that while a pure CO str mode would decrease in frequency as the hydrogen bond strength increases, a high NH ib contribution causes the net shift to be upward. We see from the 4 cm ' shift in the ND compounds that the CO str mode is only slightly sensitive to hydrogen bond strength. On the other hand, the changes in hydrogen bond pattern have significant effects, particularly in the ND compounds, where the g-u splitting is much larger in II but where the A-B splitting is larger in I. This trend is also present in the NH crystals but to a lesser degree for the g-u splitting. The i.r. A-B splittings are not as clear-cut as the Raman splittings, and probably depend on the details of the intermolecular interaction. Thus, as for the NH ob, the extensive data on the CO str mode confirm very nicely the pattern of splittings expected. Quantitative calculations of the splittings are planned using electrostatic interaction models, in particular dipole-dipole coupling [33] and Coulombic interactions between dynamical atomic partial charges, i.e. atomic charges that are allowed to vary in magnitude as well as position during vibrational motion 11203. We note that representations of van der Waals interactions such as the atom-atom 612 potential fail to give any significant splitting of the CO str mode.
The i.r. CO ib mode shifts up by 4.6 % from I to II and shows a larger A-B splitting in I. The low frequency of this mode and its mixing with skeletal and side-chain motions probably make it sensitive to other non-bonded interactions as well. The CO ob is also strongly mixed and is not expected to show trends indicative of hydrogen-bond interactions. The CN (or C"CN) str mode does not show any meaningful trends: the Raman mode decreases from I to II but the i.r. mode increases. In any case, it does not seem particularly sensitive to hydrogen bonding. This implies that the tram amide II and III modes, which involve CN str and NH ib, owe their sensitivity to hydrogen bonding primarily to the NH ib component.
In summary, of the peptide group modes, the three stretching and bending modes of the NH bond are extremely sensitive to the hydrogen bond strength, whereas those of the CO bond are much less so. Table 5 summarizes the Raman frequencies of the CH, and CH" stretch and H" bend modes in I and II, together with the values for crystalline L-alanine [14] . We see that while the lower frequency CH, as mode remains constant, the higher frequency CH, as increases from I to II. On the other hand, the higher frequency H" b decreases from L-alanine to I to II, as does the CH" str. Also observed, but not listed, is a 20 cm-' shift of one of the i.r. CH, rock modes from IIND to II-ND. As we have seen, the persistence of the differences in the H" b and CH, rock modes in solution shows that these changes are due to intramolecular effects. Indeed, we can rule out the possibility that the decrease in the CH" str frequency in II is due to formation of an intermolecular CH" . . . 0 hydrogen bond: the nearest H" . . 0 contacts in I and II are 2.41 and 2.67 A, respectively, with similarly unfavorable CH" . . . 0 angles of about 156" in both. Fermi resonance effects are also not likely because, of the CH str modes, only the CH, ss shows evidence in the polarized spectra of being perturbed.
EFFECT OF STRUCTURE ON CH MODES
If we then look at the results of normal mode calculations on isolated molecules of I-and II-type conformations, using the same force field and with all CH bond lengths set to 1.09 A, we find trends inconsistent with what are observed: the CH, as splitting decreases from I to II, the H" b splitting increases from I to II in the Raman and decreases in the i.r., and the CH" str is unchanged in I and II. To get shifts of these modes in the correct directions, therefore, it is necessary to allow different force constants and probably also different CH bond lengths in the two molecules. Unfortunately, the X-ray determinations [3-51 cannot tell us whether the CH bond lengths are different because X-ray CH bond lengths are highly unreliable [34] . We therefore have to resort to ab initio calculations.
The CH" bond length and stretching force constant are most easily obtained. We used the STO-3G basis and the procedure described in [6] : keeping the other internal coordinates at their experimental values, we optimized the CH" bond and then derived the diagonal force constant from the analytical energy gradient. The CH" str mode is localized, and this procedure is adequate; for the other modes, more extensive optimizations are needed followed by determination of offdiagonal as well as diagonal force constants. We mention first that the SCF energy of conformation II was found to be 3.4 kcal/mole lower than that of I, which is consistent with the observation that II predominates in solution. (We recall, however, that the crystalline form I is slightly favored according to our crystal-packing calculations.) The equilibrium CH" bond lengths indeed turn out to be different, 1.0973 A (I) and 1.0984 A (II), and the diagonal stretching force constants are 7.055 mdyne/A (I) and 7.000 mdyne/A (II). Using the Jacobian matrix element Av/Aj of 312 cm-'/(mdyne/A), we get a decrease in the CH" str frequency from I to II of 17 cm-'. Our result of a frequency change of 17cm-' for a 1.1 x 10-j A change in CH" bond length compares well with the value of 16cm-' per 10m3 A for deuterium-isolated CH bonds in n-alkanes found by AJILBURY et al. [35] using higher-level ab initio calculations. A scaling factor of 4.6/7.0 for our ab initio force constants must be applied, a value of 4.6 mdyne/A being needed to fit the observed frequency of 2893 cm-' in II; we then get a shift of 11 cm-'. Although this is only half the 21 cm-' observed shift, we can conclude that the shift is due to a difference in the CH" force constant in the two conformations. In support of this, the X-ray data show the more nearly axial C"C@ bond in I to be longer than the more nearly equatorial C"CD bond in II, 1.525 Aversus 1.518 A [3, 5] . Since theCH" bondin I is more nearly equatorial, it may be expected to be shorter than in II and therefore to have a higher force constant.
It may well be that the difference in the CH" bond is a result of the total intramolecular environment. Nevertheless, it is useful to look for one or a few structural parameters that might be primarily responsible, as indicated by trends similar to those for the CH" strand H" b frequencies. We have listed in Table 5 some parameters involving the CH" and C"CB bonds for I and II, and also for L-alanine [36] on the assumption that the charged groups do not introduce significant additional effects. We note first that intramolecular CH" 0 hydrogen bonding is ruled out in view of the H" 0 distances: 2.65 A (I) and 2.63 A (II). The C%"H" angle also does not seem a likely candidate. The angle of the CH" bond from the NC% plane shows a 2.4" change from I to II, but the value for t_-alanine does not fit the trend. The dihedral angle 0CC"H" seems promising, with a correct trend and a larger difference between L-alanine and I than between I and II. (The variation in the NCC"H" angle is similar because of planarity at the sp2 carbon.) Accordingly, we computed with the STO-3G basis the CH" bond length and force constant in a model system in which the comparable dihedral angle was varied,
viz. a linear all-trans blocked alanine (CH,-NH-C"H"C%-C'OC,H,) with C,C'C"H" and C,C'c"CB angles equal to the 0CC"H" and OCC"Cfl angles in r_-alanine, I and II, respectively.
The scaled force constants give shifts of 42 cm 1 from L-alanine to I, and 23 cm-' from I to II, compared to the observed shifts of 54 and 21 cm _ ', respectively. The bond length increases by 2.1 x 10e3 A from I to II, giving a shift of lOcm-' per 10m3 A bond-length change. Thus, there is a significant variation in the CH" bond length and force constant with the adjacent dihedral angle.
Our findings on the CH" bond are consistent with spectroscopic and ab initio studies of CH bonds in hydrocarbons and other molecules [35, 37, 381 . For deuterium-isolated CH groups in cyclohexane, the equatorial CH str mode is about 30 cm-' higher than the axial CH str mode [39-411. Ab initio calculations confirm that the equatorial CH bond is shorter by 1.7 x 10m3 A [35, 42] . Variations in the CH bond lengths of a methyl group have also been found, an in-plane CH bond being shorter than the out-of-plane bonds [35, 37, 381 . Finally, calculations on several conformers of N-acetyl-N'-methyl alanyl amide show significant changes in the CH" bond length (as well as in other parameters) [43] . Our present work extends to peptides these studies on the sensitivity of CH bonds to molecular environment, providing definitive results on conformations for which X-ray data are available, and also shows the possibility of similar studies of the CH bend modes. The conformational dependence of the CH" modes is potentially very useful in studying structure in peptides and polypeptides. If it is difficult to assign the CH" str mode, the CD" str may be used.
Turning to the CH, modes, we find it more difficult to identify a structural parameter that correlates well with the frequencies. According to the angles involving the CBH bonds. the CH, group in I seems the most asymmetric, yet the splitting of the CH, as modes is smaller than in II. The higher degree of asymmetry of the CH, group in I, resulting in different kinetic couplings between the CBH bonds, probably explains why our normal mode calculations using a single set of force constants give a larger splitting in 1 than in II. At the same time it is also likely that the individual CPH bonds are different in length and have different diagonal and interaction force constants. Although a neutron diffraction study of t_-alanine [36] shows identical C?H bond lengths, to within experimental error, spectroscopic and ab initio studies, as mentioned above, have found different CH bond lengths in methyl groups in various molecules, including L-alanine [44] ; in N-acetyl-M-methyl alanyl amide, in addition, the CPH bonds were found to vary with conformation [43] . Preliminary ab initio calculations, with limited optimizations, of 1 and II also indicate different CBH bond lengths, both within each conformation and between the two conformers. Thus, the differences in the CH, modes in I and II probably arise from differences in both the G and F matrix elements.
CONCLUSIONS
We have followed up our previous study of cyclo(Gly-Gly) [ 1,2] with a detailed vibrational analysis of cyclo(D-Ala-L-Ala). Our results provide a better understanding of the modes of the cis CONH group in peptides with larger side chains, and complement the large body of work on the tram amide group in peptides and polypeptides [45] . That cyclo(D-Ala-L-Ala) crystallizes in two forms, for which X-ray data are available, presents a rare opportunity to study experimentally the sensitivity of the peptide group modes to hydrogen bonding. Our extensive data have allowed us to correlate the differences in these modes in the two forms with the different hydrogen bond patterns and strengths. Quite unexpectedly, we have also found differences in the CH modes and have attributed these to the different molecular conformations, a conclusion supported by ab initio calculations on the CH" stretch mode. In view of the potential importance of a frequencyystructure correlation of the CH modes, further ab initio and experimental work to examine the precise nature of this correlation would be useful.
The significant spectral differences in the two forms imply that it will not be possible to refine a single intramolecular valence force field for both structures. Rather, we think that a more fruitful approach is to develop a molecular mechanics force field [46] that will yield simultaneously both molecular structures as well as the shifts in the peptide group and CH modes. Such an empirical energy function might incorporate the 
